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The immune system consists of two evolutionarily different but closely related responses, innate immunity and adaptive immunity. Each of these responses has characteristic receptors-Tolllike receptors (TLRs) for innate immunity and antigen-specific receptors for adaptive immunity. Here we show that the caspase recruitment domain (CARD)-containing serine/threonine kinase Rip2 (also known as RICK, CARDIAK, CCK and Ripk2) 1 -4 transduces signals from receptors of both immune responses. Rip2 was recruited to TLR2 signalling complexes after ligand stimulation. Moreover, cytokine production in Rip2-deficient cells was reduced on stimulation of TLRs with lipopolysaccharide, peptidoglycan and double-stranded RNA, but not with bacterial DNA, indicating that Rip2 is downstream of TLR2/3/4 but not TLR9. Rip2-deficient cells were also hyporesponsive to signalling through interleukin (IL)-1 and IL-18 receptors, and deficient for signalling through Nod proteins-molecules also implicated in the innate immune response. Furthermore, Rip2-deficient T cells showed severely reduced NF-kB activation, IL-2 production and proliferation on T-cell-receptor (TCR) engagement, and impaired differentiation to T-helper subtype 1 (T H 1) cells, indicating that Rip2 is required for optimal TCR signalling and T-cell differentiation. Rip2 is therefore a signal transducer and integrator of signals for both the innate and adaptive immune systems.
Rip2 is a serine/threonine kinase 1 -4 that carries a CARD at its carboxy terminus, and shares sequence similarity with a serine/ threonine kinase, Rip, which is essential for NF-kB activation through the tumour-necrosis factor (TNF) receptor 5 . In vitro studies have shown that Rip2 can associate with a variety of other CARD-containing molecules through CARD -CARD interactions 1 -3 . Moreover, overexpression of Rip2 causes activation of NF-kB and Jun amino-terminal kinase (JNK) 1 -4 . NF-kB activation by Rip2 is inhibited by dominant negative TRAF6 (ref. 4) , a signalling molecule that is downstream of TLRs. Furthermore, we found that expression of Rip2 was induced in macrophages on stimulation with lipopolysaccharide (LPS) (Fig. 1a, b) . These observations led us to consider the possibility that Rip2 is involved in signalling in the innate immune system. To assess the physiological role of Rip2 in signalling in the innate immune system, we generated Rip2-deficient mice by homologous recombination of embryonic stem cells. A gene-targeting construct was generated to replace the two exons coding for murine Rip2 with a neomycinresistance gene (neo r ) (Fig. 1c) . Homologous recombination in embryonic stem cells was confirmed by Southern blot analysis (Fig. 1d) , and the absence of Rip2 expression in homozygous animals was confirmed by western blot (Fig. 1e) . Rip2-deficient mice were born in the expected mendelian ratio, and showed no gross developmental abnormalities and no abnormal composition of lymphocytes as determined by flow cytometry (data not shown).
TLRs can recognize specific pathogen-associated molecular patterns (PAMPs) such as LPS 6 , lipoteichoic acid (LTA) 7 , peptidoglycan (PGN) 7 , CpG-containing DNA 8 , or double-stranded RNA 9 . To test whether Rip2 is involved in TLR signalling, macrophages of Rip2 2/2 mice were stimulated with various PAMPs, and cytokine/ chemokine production was assessed by enzyme-linked immunosorbent assay (ELISA). Production of the inflammatory cytokines IL-6 and TNF-a, and the chemokine IP10, was severely reduced in macrophages of Rip2 2/2 mice on stimulation with LPS and LTA (both of which are ligands for TLR4), or PGN (which is a ligand for TLR2) (Fig. 2a) . There was no defect in cytokine/chemokine production after stimulation with CpG DNA (a ligand for TLR9), indicating that Rip2 is involved in TLR4 and TLR2 but not TLR9 signalling. Production of IL-6 is also reduced in Rip2 2/2 embryonic fibroblasts on stimulation with double-stranded RNA, poly(IC) (a ligand for TLR3) and LPS in a dose-and time-dependent manner (Fig. 2c) . These results indicate that Rip2 is required for normal levels of signalling through some, but not all, TLRs. To assess the response to a live pathogen, macrophages of Rip2 2/2 mice were infected with Listeria monocytogenes, and the levels of IL-6 and TNF-a were measured by ELISA. Macrophages of Rip2 2/2 mice were compromised in their ability to produce these cytokines, further supporting the involvement of this kinase in the innate immune response (Fig. 2b and data not shown). To examine the mechanism of activation of Rip2 in macrophages infected with L. monocytogenes, in particular to determine whether stimulation of the innate immune response by Listeria occurs at the cell surface or intracellularly, cytochalasin D was added to cell cultures at various concentrations, as it blocks Listeria internalization 10 . IL-6 production in response to Listeria infection was not altered even at high concentrations of cytochalasin D, and in all cases was reduced in Rip2 2/2 cells (Fig. 2b) . Thus, attachment of bacteria to the cell surface is sufficient to activate macrophages, and the reduced cytokine production in Rip2 2/2 cells is due to defective signalling from cell-surface receptors. In vivo response to LPS by Rip2-deficient mice was assessed by endotoxin shock experiments using intraperitoneal injection of LPS. Rip2-deficient mice were more resistant to LPS than wild-type mice (Fig. 2d) , suggesting the importance of this molecule in LPS response in vivo. Mature IL-1b can be produced through cleavage of pro-IL-1b by active caspase-1. Previous in vitro studies have suggested that Rip2 binds and activates pro-caspase-1, thereby generating IL-1b 3, 11 . Notably, macrophages of Rip2 2/2 mice exhibited no reduction in IL-1b production when cells were stimulated with LPS, CpG DNA and peptidoglycan for 3 h (Supplementary Information), suggesting that Rip2 is not involved in caspase-1 activation downstream of TLRs, or alternatively that there is another redundant mechanism.
TLR signalling requires the formation of multiprotein signalling complexes, which include the serine/threonine kinase IRAK and the adapter molecules MyD88 and TRAF6, resulting in the activation of P<0.05 letters to nature NF-kB and the mitogen-activated protein (MAP) kinases JNK, p38 and ERK1/2 (refs 12, 13). We therefore studied activation of these molecules in macrophages of Rip2 2/2 mice by examining their phosphorylation state. LPS-stimulated Rip2 2/2 macrophages showed reduced phosphorylation levels of p38, IkBa, ERK and JNK, and reduced degradation of IkBa (Fig. 3a) , indicating altered signalling downstream from TLR4. This reduced signalling was not due to changes in the expression levels of MyD88, IRAK or TRAF6, as western blot analysis for these proteins showed no difference between wild-type and Rip2 2/2 macrophages (data not shown). Furthermore, we studied whether Rip2 is recruited to TLR signalling complexes. 293T cells stably transfected with Flag-tagged TLR2 and CD14 (Flag-TLR2/CD14 293T cells) were stimulated with PGN, and association of TLR2 and endogenous Rip2 was examined by immunoprecipitation using an anti-Flag monoclonal antibody. Association of Rip2 with TLR2 was induced by PGN and peaked at 10 min after stimulation; the amount of associated Rip2 decreased after 15 min, indicating that the recruitment of Rip2 to TLR signalling complex is transient after TLR activation (Fig. 3b) .
In addition to TLRs, increasing evidence implicates another family of proteins in innate immune responses. The cytoplasmic proteins collectively termed Nod, are characterized by the presence of three motifs: a CARD, a nucleotide-binding domain (NBD) and a leucine-rich repeat (LRR) region. These proteins have homology to the NBD-LRR-like disease resistant proteins in plants 14 -16 . An increasing number of members of this family have been identified (Nod1/CARD4, Nod2, DEFCAP/NAC, CARD12/Ipaf/CLAN), and by analogy to the plant molecules these data imply that, like the TLR family, Nod proteins are a diverse family of molecules designed to detect pathogens in intracellular compartments-the LRR region of members of both families probably confers pathogen specificity 17, 18 . In fact, Nod1 is activated on infection of Shigella flexneri in epithelial cells 19 , and one NBD-LRR protein, NAIP, determines susceptibility to Legionella pneumophila infection 20 . Also, it has been demonstrated that Nod2 is mutated in patients susceptible to Crohn's disease and Blau syndrome 18, 21, 22 . In vitro studies have revealed that Nod1 and Nod2 bind to Rip2 by means of a CARD -CARD interaction 15, 16 , suggesting that Rip2 may be involved in signalling downstream of the Nod family proteins. To test this, we generated Rip2-deficient embryonic fibroblasts and co-transfected them with both Nod expression vectors and a NF-kB reporter construct. NF-kB activation by Nod1/Nod2 expression was completely abolished in fibroblasts of RIP2 2/2 mice, and complementation of Rip2 2/2 fibroblasts with a Rip2 expression vector restored these defects (Fig. 4) . These results indicate that Rip2 is essential for NF-kB activation by both Nod1 and Nod2. Together, these results indicate that Rip2 is essential for signalling through both protein families of the innate immune system, that is TLRs and Nod.
IL-1 and IL-18 receptors both have a TIR (Toll/IL1-receptor) domain within the cytoplasmic tail, and therefore belong to the same multigene family as the TLRs. We therefore tested whether responses to IL-1 or IL-18 were altered in cells of Rip2 2/2 mice. Under certain conditions, IL-1b is a potent co-stimulant to T cells for their growth. We stimulated thymocytes with IL-1b, together with IL-2 or a low dose of Concanavalin A (Con A). Thymocytes of Rip2 2/2 mice showed reduced proliferation upon IL-1b stimulation in both IL-2 and Con A co-stimulation (Fig. 5a ). Embryonic fibroblasts produce IL-6 upon stimulation with the cytokines IL-1b or TNF-a. We found that embryonic fibroblasts of Rip2 2/2 mice were significantly impaired in their ability to produce IL-6 when stimulated with IL-1b, but not when stimulated with TNF-a, suggesting that Rip2 is involved in IL-1-but not TNF-a-receptor signalling (Fig. 5b) .
We next investigated the IL-18 response in cells of Rip2 2/2 mice. IFN-g production by natural killer (NK) cells upon IL-18 stimulation was assessed using splenocytes of Rip2 2/2 mice. IFN-g production was severely reduced in Rip2 2/2 cells by stimulation with IL-18 (Fig. 5c) . Surprisingly, IFN-g production upon stimulation with IL-12 was also reduced. Co-stimulation of Rip2 2/2 cells with IL-18 and Il-12 also resulted in reduced production of IFN-g letters to nature (Fig. 5c) . Furthermore, we examined IL-18 and IL-12 response using differentiated effector CD4 T cells on TCR stimulation with anti-CD3 antibodies. CD4 þ T cells of Rip2 2/2 mice showed severely reduced proliferation upon anti-CD3 stimulation in a dose-and time-dependent manner (Fig. 6a) . IL-2 production was reduced in Rip2 2/2 CD4 þ T cells, and this defect could not be rescued by co-stimulation with anti-CD28 (Fig. 6b) . As Rip2 is involved in NF-kB activation 1 -4 , and that NF-kB activation is required for T-cell proliferation upon TCR stimulation 25, 26 , we analysed NF-kB activation in Rip2 2/2 T cells upon anti-CD3 stimulation. Phosphorylation and degradation of IkBa was assessed by western blotting, and was reduced in Rip2 2/2 T cells (Fig. 6c) . In addition, NF-kB activation assessed by gel-shift assay was also substantially reduced (Fig. 6d) . Taken together, these data indicated that Rip2 is required for optimal activation of NF-kB and T-cell proliferation upon TCR stimulation. As inhibition of NF-kB activation can cause T H 1 deficiency in vivo 27 , the T H 1 deficiency in Rip2 2/2 T cells may be attributable, at least in part, to altered TCR signalling and NF-kB activation. 
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Our results indicate that Rip2 is required for signalling through both TLRs and Nod protein family members, which are central components of the innate immune system. We also show that Rip2 is required for appropriate TCR signalling. Therefore, Rip2 is a unique kinase capable of integrating signals emanating from both the innate as well as the adaptive immune systems. In fact, a notable feature of Rip2 deficiency is that it reveals defects in signalling from various immune receptors. There are three conceivable mechanistic explanations for this. The first is that Rip2 is a direct downstream signalling molecule of each receptor. Second, it is possible that Rip2 always receives signals from Nod proteins, and that perhaps different Nod proteins are the common element downstream of these different innate and adaptive immune receptor systems, and upstream of Rip2. The third possibility is that some receptors are dependent on Rip2 via Nod proteins for signalling, and others are not. Studies involving Nod-deficient mice should help to resolve this mechanistic issue.
A
Methods

Generation of Rip2-deficient mice
A murine partial complementary DNA that codes for Rip2 was obtained by polymerase chain reaction, using mouse heart first-strand cDNA (Clontech) as the template and a specific primer based on GenBank accession number AA655189 and a primer based on the human RIP2 sequence. A 129SV/J genomic library (Stratagene) was screened with the murine Rip2 cDNA, and two phage carrying overlapping genomic clones encompassing Rip2 were isolated. A targeting vector was designed to replace a 4.0-kilobase genomic fragment containing the second and third exons coding for the active site aspartate residue with the loxP-flanked neo r gene expression cassette. The targeting vector was linearized with NotI and electroporated into W9.5 embyronic stem cells. Clones resistant to G418 and gancyclovir were selected, and homologous recombination (6 out of 135 clones) was confirmed by Southern blotting. Three clones homologous for the targeted mutation were injected into C57BL/6 blastocysts, which were subsequently transferred into pseudopregnant foster mother mice.
Plasmids and reagents
The expression vectors pcDNA3-IKKb, pcDNA3-Myc-Rip2, pcDNA3-Nod1-Flag, pcDNA3-Nod2-Flag, pEF1-BOS-b-gal and pBVI-Luc were described previously 16 . Lipopolysacchride (LPS) from Salmonella abortus equi and lipoteichoic acid (LTA) from Staphylococcus aureus were purchased from Sigma. Peptidoglycan (PGN) from S. aureus was from Fluka. Poly(IC) was from Amersham Pharmacia Biotech. Phosphorothioatemodified CpG oligonucleotide DNA (TCCATGACGTTCCTGACGTT) was synthesized in the Howard Hughes Medical Institute Biopolymer and W. M. Keck Biotechnology Resource Laboratory in Yale University. Human IL-1b and mouse TNF-a were from R&D mouse IL-18 was from MBL; mouse IL-12 was from Genetics Institute; mouse IL-4 was from PharMingen; and anti-CD3, anti-IL-4 or anti-IFN-g were purified from supernatants of 2C11, 11B11 or XMG hybridoma, respectively.
Culture of bone-marrow-derived macrophages
Macrophages derived from bone marrow were prepared as described 28 . Cells were collected with cold DPBS, washed, re-suspended in DMEM, supplemented with 10% fetal calf serum, and used at a density of 2 £ 10 5 ml 21 in the experiments. Cells were left untreated for at least 4 h at 37 8C in 10% CO 2 before further handling.
Listeria infection of macrophages
The cells were cultured without antibiotics, and L. monocytogenes (American Type Culture Collection strain 43251) was added at a multiplicity of infection (MOI) of 50. After incubation for 30 min, extracellular bacteria were removed by washing three times with DPBS. To prevent reinfection, we cultured the cells in medium containing gentamicin sulphate (50 mg ml
21
, Gibco BRL)
Measurement of cytokine production
Macrophages derived from bone marrow were cultured with the indicated concentration of LPS, LTA, PGN or CpG DNA for 6 h. Embryonic fibroblasts were cultured with poly(IC), LPS, IL-1b or TNF-a at the indicated concentration for the indicated periods. The concentration of IL-6, TNF-a and IP10 in culture supernatants was measured by ELISA.
Proliferation assays
We stimulated thymocytes with IL-2 (2 ng ml 21 ) or Con A (0.625 mg/ml), in the presence or absence of IL-1b (10 ng ml 21 ). Purified CD4 þ T cells were stimulated with anti-CD3 (2C11) in the presence of T-cell-depleted irradiated splenocytes. Cells were pulsed with [
